Positron emission tomography (PET) imaging of monoamine oxidases (MAO-A
INTRODUCTION
Monoamine oxidase (MAO, EC 1.4.3.4) catalyzes the de-amination of serotonin (5-HT), noradrenaline (NA) and dopamine, monoamine neurotransmitters implicated in a variety of normal and abnormal brain functions (see ref. 1 for a review). Two subtypes of the enzyme (MAO-A and MAO-B) have been identified in the human, which show different substrate selectivity, inhibitor sensitivity, and tissue and brain regional distribution and also different clinical significances. For example, inhibitors of MAO-A, which preferentially metabolizes 5-HT, are used in treatment of mood disorders and the loss of MAO-A in the human is associated with aggression, whereas inhibitors of MAO-B, which is the major enzyme metabolizing dopamine in the human and is abundantly expressed in glial cells, are sometimes used in treatment of Parkinson's disease, a dopamine-deficiency disorder.
Given the clinical importance of MAOs, radioligands for in vivo investigations of MAOs by positron emission tomography (PET) have been actively developed, with [ 11 C]harmine, [2] [3] [4] [ 11 C]clorgyline, 5 and [ 11 C]befloxatone 6 for MAO-A and [ 11 C]deprenyl-D2 for MAO-B 7, 8 having been applied in human brain imaging studies. In particular, recent studies of mood disorders using [ 11 C]harmine have highlighted the role of MAO-A in the development of human depression (see ref. 9 for a review) and depressed mood after cigarette withdrawal. 10 [ 11 C]deprenyl-D2 PET imaging has also been used for (nonspecific) assessment of brain astrogliosis under several pathological conditions. 11, 12 Importantly, these quantitative in vivo PET techniques are being used in the clinical development of a new generation of MAOtargeting compounds. 13, 14 An important question with PET imaging has been whether the outcome measures of binding obtained at tracer dose of a radioligand by kinetic modeling are quantitatively related to actual levels of its target in brain. 15, 16 In this regard, regional values of the distribution volume (V T or V S , with the free and nonspecific portion removed) of the reversible radiotracer [ 11 C]harmine, as a measure of MAO-A density in human brain, were previously correlated with MAO-A distribution in rat brain determined by in vitro radioligand binding. 2 For the acetylenic suicide radiotracer [ 11 C]clorgyline and [ 11 C]deprenyl-D2, the composite parameter lk 3 is the preferred outcome measure of activities of MAOs in vivo (although when arterial blood sampling was not possible, a modified reference-Patlak model has been used instead, with the obtained Patlak slope as the binding measure) 11, 12 and the regional ranking order of this model term for both tracers in human brain is consistent with activities of MAO-A 5 and MAO-B, 7 respectively, determined in autopsied human brains. However, literature data on the regional distribution of both MAOs, either in terms of activity or that determined by a radioligand binding assay, in postmortem human brain have been fragmentary, with no single study providing MAO levels (activity or binding) for many of the brain regions reported in PET studies, 5, 7 making a meaningful correlation analysis difficult. Further, the specificity of MAO activities determined with different substrates (e.g., 5-HT for MAO-A and benzylamine or phenylethanolamine for MAO-B) are relative but not absolute; binding assays with radioligands for either subtypes had the same issue of relative specificity. To our knowledge, there has been no quantitative study of the regional distribution of the MAO proteins in the human.
The present study was designed to address this literature deficiency by using quantitative immunoblotting of MAO-A and MAO-B in autopsied human brains. We calibrated the assays using commercial recombinant MAO-A and MAO-B so that the levels of the two isozymes in human brains can be directly compared with each other. In addition, developmental and ageing changes of the monoamine metabolizing enzymes were also examined in a total of 70 autopsied brains with age ranging from 21 hours to 99 years old.
MATERIALS AND METHODS Subjects
This study was approved by Research Ethics Board of the Centre for Addiction and Mental Health. A total of six (four male/two female, five died of cardiovascular illnesses and one from multiple injuries by accident) autopsied brains from neurologically normal subjects (age: 48 ± 0.3 (47 to 49) years; postmortem interval: 16 ± 3 (5.25 to 23) hours; mean ± s.e.m. (range)) were used in the MAO regional distribution study. To evaluate the age and development-related changes of MAOs, frontal cortex (Brodmann area 10) from a total of 70 subjects (43 males/27 females) were used (see Supplementary Table 1 for details and causes of death of the subjects), with age ranging from 21 hours to 99 years old and a mean postmortem interval of 13 ± 1 (3 to 27) hours. One-half brain was used for neuropathological examination, whereas the other half was frozen for neurochemical analyses.
Tissue sample preparation, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and western blotting Cerebral cortical subdivisions were excised according to the Brodmann classification. Dissection of the subcortical areas from B3-mm-thick coronal sections followed published procedures. 17 Brain tissue homogenates were used throughout this study. Sample preparation, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and western blot followed published procedures. 17 Protein concentration was determined using the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA, USA) with bovine serum albumin as the standard. Five concentrations of tissue standard (1 to 15 mg of protein), consisting of a pooled human striatal samples, were run on each blot together with the samples (10 to 40 mg of protein, depending on regional levels of MAOs). After probing for MAO-A, the polyvinylidene difluoride membranes were stripped and reprobed for MAO-B. The antibodies used for quantitative determination of levels of MAO-A and MAO-B were rabbit polyclonal antibodies from Santa Cruz Biotechnology (Dallas, TX, USA) (sc-20156, H-70, raised against C-terminal amino acids 458 to 527 of human MAO-A) and Abcam (Cambridge, MA, USA) (ab67297, raised against amino acids 448 to 466 of human MAO-B), respectively. The secondary antibody used was the goat anti-rabbit IgG (H þ L) horseradish peroxidase from SouthernBiotech (cat. no. 4050-05, Birmingham, AL, USA). Another monoclonal anti-human MAO-A antibody from Santa Cruz Biotechnology (sc-271123, clone G-10, IgG 1 , raised against the same peptide as that for the polyclonal H-70) was also used to help characterize the MAO-A immunoreactive protein bands. For antibody characterization and quantitative measurement, recombinant human MAO-A (M7316, lot#069K-1040) and MAO-B (M7441, lot#039K159) were obtained from Sigma-Aldrich (St Louis, MO, USA), with levels of the overexpressed enzymes in the microsome preparations calibrated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis against a serial concentration of bovine serum albumin (0.25 to 10 mg) according to ref. 18 . Western blot of the 'control' protein neuron-specific enolase followed published procedures. 17 
Data analyses
A linear five-point standard curve of the tissue standards was constructed for each blot. Levels of MAO-A and MAO-B in the tissue standard were first calibrated by using a serial dilution of the recombinant MAO proteins (Figure 1 ). The concentration of both MAOs in a sample was determined by interpolation from the respective standard curve and expressed as ng/mg protein. The within and between blots coefficient of variation were 6.7% and 11.5% for MAO-A and 7.0% and 6.4% for MAO-B, respectively. No significant correlation (Pearson) was observed between levels of either MAO-A or MAO-B protein and postmortem interval of the subjects examined.
Statistical analyses were performed by using StatSoft STATISTICA 7.1 (Tulsa, OK, USA). Monoamine oxidase regional distribution was examined by one-way repeated measures analysis of variance with MAO subtype as the repeated factor followed by post hoc Bonferroni adjustments. Possible correlations between MAO levels vs. age of the subjects and between regional MAO levels vs. literature data of MAO activities and binding densities (see below) were examined by Pearson product-moment correlation or by Spearman rank-order correlation as indicated in the text. F-tests of the null-hypothesis intercept ¼ 0 for the linear correlations, i.e., proportional, were performed by using GraphPad Prism 4.0.
RESULTS
Characterization of monoamine oxidase-immunoreactive protein bands in western blots of normal autopsied human striatum The polyclonal anti-MAO-A and MAO-B antibodies detected in human striatal samples one major protein band with an apparent molecular weight of approximately 65 kDa and 64 kDa, respectively (Figure 1 ). Strip-and-reprobe of the same blot with the anti-MAO-B antibody after probe with anti-MAO-A confirmed that the MAO-B immunoreactive protein band ran slightly faster than that for MAO-A. This is consistent with the relative theoretical size of the two MAO isozymes (MAO-A: 59.7 kDa; MAO-B: 58.0 kDa) 1 and the slightly larger than expected apparent molecular weight of the holoenzymes in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. With recombinant MAOs as the positive controls, the two closely located protein bands in brain tissues migrated at the same positions as the respective recombinant proteins (Figure 1 ), confirming correct identification of MAO-A and MAO-B in brain by the two antibodies, respectively. As expected, there was no cross-reaction of the two antibodies with the opposite isozyme when switching primary antibodies for detection of the recombinant proteins even after longer exposure and higher amount of protein loaded (data not shown), again confirming their specificity. However, a minor protein band of molecular weight B25 kDa was also detected by the anti-MAO-A antibody in brain samples, in particular in white matters (Figure 3) , likely a N-terminal truncated fragment of MAO-A that was not included in the quantitative analyses below. The recombinant proteins also showed several minor MAO-immunoreactive protein bands on higher loading and longer exposure, likely partially degraded products.
A monoclonal anti-MAO-A antibody was also tested and detected the same protein band as the polyclonal one, although with much lower sensitivity (data not shown). Therefore, the polyclonal antibody was selected for the quantitative study.
Quantification of monoamine oxidases in human brain tissues Levels of MAO-A and MAO-B protein in the commercial overexpressed recombinant preparations were determined to be 0.211 ± 0.010 and 0.234 ± 0.010 ng/mg protein (six determinations). Thereafter, the recombinant enzymes were used to calibrate the concentration of both MAOs in the pooled striatum tissue standard used in the quantitative immunoblotting assays, which were determined to be 0.399 ± 0.042 (MAO-A) and 3.096 ± 0.192 (MAO-B) ng/mg protein, respectively (see Figure 1 for blots and calibration curves of a representative experiment of three).
Developmental and ageing changes of monoamine oxidase in human frontal cortex Overall, there were significant positive correlations with age (from 21 hours to 99 years old, n ¼ 70) for levels of MAO-B (Pearson) and the ratio of MAO-B vs. MAO-A (Spearman) (r ¼ 0.78 and 0.90, respectively, Po0.0001) but not for MAO-A (Pearson r ¼ À 0.21, P40.05).
A close examination showed that the age-related changes could be separated into three phases-infant (within 1 year of age), toddler (1 to 4 years), and thereafter ( Figure 2 ). During infancy, both MAOs increased rapidly with age (MAO-A: r ¼ 0.73, P ¼ 0.0005, n ¼ 18 (21 hours to 7 months); MAO-B: r ¼ 0.82, Po0.0001, n ¼ 22 (21 hours to 11 months); Figure 2 , insets). However, the two subtypes showed quite different patterns of neonatal growth. MAO-B was barely detectable in brain at birth but increased quickly (0.076 ng/mg/month) during the first year, reaching a high at around 2 years of age, which then decreased slightly during the next few years. In contrast, levels of MAO-A at birth were already 78% of adult levels and increased with a rate of 0.050 ng/mg/month to reach a high of B50% above those of adults by 7 months, which then declined during the next couple of years and remained stable thereafter. Thus, levels of MAO-B were lower than those of MAO-A before B6 months of age but with the ratio increased hyperbolically during infancy and then linearly after 1 year. During adulthood (above 18 years), levels of MAO-A remained stable (r ¼ 0.29, P40.05), whereas those of MAO-B increased at a rate of 0.014 ng/mg/year or 18% per decade (18 to 99 years old, r ¼ 0.68, Po0.0001). Consequently, the ratio of MAO-B vs. MAO-A increased from 1.8 at 18 years of age to 4.6 at 99 years in the frontal cortex.
As a control protein, levels of neuron-specific enolase were significantly and positively correlated (Pearson) with age (r ¼ 0.73, n ¼ 69, Po0.0001), although similar to those of MAOs, there were an early quick-increase phase during infancy and an adjustment phase in the next couple of years ( Figure 2) .
We also examined the partial correlation between levels of the two MAO subtypes after controlling for the effect of age, with significant positive correlations (Po0.0005) observed either for the full age range (21 hours to 99 years, r ¼ 0.54), adult only (X18 years, r ¼ 0.64), childhood only (o18 years, r ¼ 0.61), or infancy only (o1 year, r ¼ 0.82). In contrast, no significant correlation existed between levels of either MAO and those of neuron-specific enolase after controlling for the ageing effects during the full age range (r ¼ 0.09 and 0.16 for MAO-A and MAO-B, respectively) or adulthood (r ¼ À 0.004 and 0.01 for MAO-A and MAO-B, respectively), although there were positive correlations (o18 years, r ¼ 0.55 and 0.53 for MAO-A and MAO-B, respectively) or trends (o1 year, r ¼ 0.42, P ¼ 0.06 and r ¼ 0.33, P ¼ 0.14 for MAO-A and MAO-B, respectively) during childhood, likely reflecting brain/ neuronal development.
Regional distribution of monoamine oxidases in normal human brain A total of 38 brain regions sampling the human forebrain were examined in six subjects of 47 to 49 years old with the exception of samples of lateral geniculate body, which were available for only two subjects (see Figure 3 for representative immunoblots).
Overall, repeated measures analysis of variance (excluding lateral geniculate body) showed that the distribution of both MAOs was highly heterogeneous (F 37, 186 ¼ 31, Po0.0001), the difference between levels of MAO-A and MAO-B was highly significant (F 1, 186 ¼ 4533, Po0.0001), and there was a significant subtype Â brain region interaction (F 37, 186 ¼ 23, Po0.0001). As shown in Figure 4 , brain regions examined were grouped according to major divisions, including basal forebrain areas, basal ganglia, medial temporal lobe, thalamus, cerebral cortices, cerebellar cortex, and white matters. Highest levels of both MAOs (in ng/mg protein, mean ± s.e.m.) were observed in a few small brain areas including hypothalamus (A: 1.16±0.07; B: 4.83±0.28), nucleus basalis (A: 1.06±0.10; B: 4.33±0.37), and the hippocampal uncus (A: 1.14 ± 0.08; B: 4.27 ± 0.21), whereas the lowest levels among the gray matter regions were found in the cerebellar cortex (A: 0.19 ± 0.02; B: 0.84 ± 0.06). The striatum and globus pallidus (GP) contained low levels of MAO-A (caudate: 0.38 ± 0.03; putamen: 0.37±0.03; GP external: 0.51±0.04; GP internal: 0.57±0.06), but rather high levels of MAO-B (caudate: 3.39 ± 0.25; putamen: 2.69 ± 0.20; GP external: 3.27 ± 0.15; GP internal: 4.29 ± 0.15). In contrast, cerebral cortices had high and evenly distributed levels of MAO-A (0.59 to 0.75) but relatively low levels of MAO-B in most of the cortical areas (1.73 to 2.24) with the exception of medial frontal (2.46 ± 0.09) and posterior (A23: 2.60 ± 0.09), anterior (A24: 2.82 ± 0.05), and subgenual (A25: 3.70±0.32) cingulate cortices, which also had the highest levels of MAO-A (0.75) among the cortical areas. The thalamus and medial temporal lobe (hippocampus and amygdala) had quite variable levels of MAOs in their subdivisions, with hippocampal uncus (above) and medial pulvinar thalamus Ratio of monoamine oxidase-B to monoamine oxidase-A and correlations between the two isoforms Post hoc analyses with Bonferroni adjustments for multiple comparison (37 brain regions) showed that levels of MAO-B were significantly higher than those of MAO-A in every brain region examined (Po0.0005), with the ratio of MAO-B to -A ranging from 2.6 (A17, occipital cortex) to 17.8 (corpus callosum caudal). The highest ratios were found in white matters (13.6 to 17.8), containing a negligible concentration of MAO-A (above). Among gray matters, highest ratios were in the basal ganglia, including caudate (9.0), globus pallidus internal (7.5), putamen (7.2), globus pallidus external (6.5), and substantia nigra pars compacta (5.9). All other brain regions had a quite homogeneous MAO-B/MAO-A ratio (on average 3.7 (2.6-5.1)), despite variance in absolute levels of the enzymes. In general, there were significant positive correlations (Pearson Po0.0001) between regional levels of the two MAO subtypes in the whole regional data set (r ¼ 0.68, n ¼ 224), after excluding the basal ganglia areas that had higher MAO-B/MAO-A ratios (r ¼ 0.81, n ¼ 194), after excluding additional extreme areas with lowest (white matters and cerebellar cortex) Figure 3 . Representative immunoblots of the regional distribution of monoamine oxidases (MAO-A and MAO-B) in autopsied human brain. A23, cingulate gyrus posterior; A24, cingulate gyrus anterior; A25, paraolfactory/subgenual gyrus; CCc, corpus callosum caudal; CCr, corpus callosum rostral; cereb, cerebellar cortex; CN, caudate; CNA, hippocampal Ammon's horn; CSTH, subthalamic nucleus; GD, dentate gyrus; GH, hippocampal gyrus; GPe, globus pallidus external; GPi, globus pallidus internal; GUNC, gyrus of uncus; hypothal, hypothalamus; ICr, internal capsule rostral; LGB, lateral geniculate body; MDTH, mediodorsal thalamus; NAM, amygdala; NAV, anterior ventral nucleus of thalamus; N. basalis, nucleus basalis; NL, nucleus lateralis of thalamus; NLV, lateral ventral nucleus of thalamus; NPM, medial pulvinar of thalamus; PUT, putamen; RN, red nucleus; SBI, substantia innominata; SNpc, substantia nigra pars compacta. and highest (hypothalamus, hippocampal uncus, and nucleus basalis) levels of both MAOs to avoid outlier effects (r ¼ 0.53, n ¼ 152), and in the basal ganglia only (r ¼ 0.69, n ¼ 30).
Correlation between regional levels of monoamine oxidases and monoamines By using postmortem brain regional (n ¼ 27) monoamine neurotransmitter data, previously reported from our laboratory, 19 significant or trends for positive correlations (Pearson) were observed between regional levels of MAO-A vs. NA (r ¼ 0.56, P ¼ 0.003), 5-HT (r ¼ 0.31, P ¼ 0.11), and NA þ 5-HT (r ¼ 0.56, P ¼ 0.003) and between MAO-B vs. 5-HT (r ¼ 0.53, P ¼ 0.004), NA (r ¼ 0.51, P ¼ 0.006), and NA þ 5-HT (r ¼ 0.61, P ¼ 0.0007). There was no significant correlation between levels of either MAOs and those of dopamine or total monoamine neurotransmitters, primarily because of unmatched high levels of dopamine in the caudate and putamen (at least sixfold higher than those of any other brain regions).
Correlation between regional protein levels of monoamine oxidases and enzyme activities or binding densities in the literature By using literature reports of regional postmortem brain MAO activities and binding densities (B max ) of autoradiography, we assessed their correlation (Pearson) with our regional data. The studies included in this analysis (Supplementary Table 2 for details of subject number, age, postmortem interval, and regional data in these studies as compared with the current report) examined at least 10 different and widespread forebrain areas and used relatively specific substrates (MAO-A: 5-HT; MAO-B: benzylamine or phenylethylamine) or radioligands for the assays. In cases where subdivisional data were reported (e.g., CA1-3 of hippocampal Ammon's horn, subregions of hypothalamus, and layers of cerebellar cortex in autoradiography of Saura et al; 20 subregions of thalamus (including medial pulvinar, mediodorsal, anterior ventral, lateral ventral, and nucleus lateralis), hippocampus (including dentate gyrus, CNA, and hippocampal gyrus), GP (globus pallidus internal and external), and white matters (internal capsule rostral, corpus callosum rostral, and corpus callosum caudal) in the present study), averages of the subdivisional data were used. As shown in Figure 5, 6 and MAO-A protein levels was relatively poor (r ¼ 0.61, n ¼ 7, P ¼ 0.15) due in large part to the low BP values reported in the thalamus (Figure 6 ). Further examination of those showing good correlations disclosed a lack of proportionality. Thus, for MAO-A, the null-hypothesis intercept ¼ 0 was rejected for both [ 11 C]harmine (P ¼ 0.002) and [ 11 C]clorgyline (P ¼ 0.01). The ratios between thalamus and cerebellar cortex were 3.9 for protein levels vs. only 2.1 for [
11 C]harmine V S and 2.4 for [ 11 C]clorgyline lk 3 . For MAO-B, although the intercepts were not significantly different from zero, the cerebral neocortical areas had unusually low in vivo binding, expressed either in lk 3 or in modified Patlak slope, that was not significantly different from the Figure 4 . Regional distribution (mean ± s.e.m.) of monoamine oxidases (MAO-A and MAO-B) in autopsied human brain (n ¼ 6 with the exception of n ¼ 2 for LGB). A23, cingulate gyrus posterior; A24, cingulate gyrus anterior; A25, paraolfactory/subgenual gyrus; CCc, corpus callosum caudal; CCr, corpus callosum rostral; cereb, cerebellar cortex; CN, caudate; CNA, hippocampal Ammon's horn; CSTH, subthalamic nucleus; GD, dentate gyrus; GH, hippocampal gyrus; GPe, globus pallidus external; GPi, globus pallidus internal; GUNC, gyrus of uncus; hypothal, hypothalamus; ICr, internal capsule rostral; LGB, lateral geniculate body; MDTH, mediodorsal thalamus; NAM, amygdala; NAV, anterior ventral nucleus of thalamus; N. basalis, nucleus basalis; NL, nucleus lateralis of thalamus; NLV, lateral ventral nucleus of thalamus; NPM, medial pulvinar of thalamus; PUT, putamen; RN, red nucleus; SBI, substantia innominata; SNpc, substantia nigra pars compacta. cerebellar cortex, and the ratios between caudate and cerebellar cortex were 4.0 for protein levels vs. 2.4 for [
11 C]deprenyl-D2 lk 3 and 1.95 for modified Patlak slope. For comparison, we show the correlation between regional brain levels of the serotonin transporter 17 and [ 11 C]DASB PET measurement of serotonin transporter densities (BP ND ), 27 both obtained in our laboratory, in which the correlation between protein and PET measures is high (r ¼ 0.95, n ¼ 10, Po0.0001) and proportional (intercept ¼ 0).
DISCUSSION
To our knowledge, this is the first detailed quantitative examination of MAO-immunoreactive species in human brain. The major finding, from a practical neuroimaging perspective, is that the previously published regional brain PET outcome measures of levels of both MAO subtypes correlated generally well with actual postmortem brain levels of MAO proteins with the exception of that using the MAO-A radiotracer [ 11 C]befloxatone. Nevertheless, in vivo PET underestimates somewhat the regional contrast as observed in vitro. We also examined developmental and ageing changes of both MAOs and found that although MAO-B is much more expressed than MAO-A in brain from adolescence to senescence, this relationship is reversed in neonatal developing brain.
Levels of monoamine oxidases and ratio of monoamine oxidase-B/ monoamine oxidase-A in the human brain In postmortem human brain, levels of MAOs have previously been determined by activity titrations with subtype-specific substrates and the irreversible inhibitors (clorgyline, deprenyl, J-508 or pargyline) 21, 28 or radioligand binding assays with [ 3 H]pargyline (combined with clorgyline or deprenyl), 28 [ 3 H]Ro41-1049, and [ 3 H]lazabemide. 20, 29, 30 The reported MAO concentrations have been quite variable, for example, for cerebral cortex, ranging from 1.6 to 33 pmol/mg protein for MAO-A (equivalent to 0.1 to 2 ng/mg protein) and from 1.8 to 31 pmol/mg protein for MAO-B (equivalent to 0.11 to 1.9 ng/mg protein), likely because of uncertain nonspecific binding profile and cross-reaction of these ligands/substrates, in particular for activity titration. 28 In the present study, specificity of antibodies was confirmed by recombinant human MAOs and no cross-reactivity of the antibodies to the other subtypes was observed even after overloading and long exposure. Further, calibration with the It is noteworthy though that, in general, individuals or brain areas having high levels of one MAO subtype also tended to have high levels of another after controlling for ageing effects, except when comparing regions with high dopamine levels (basal ganglia) to other brain areas. This was somewhat corroborated by generally positive correlations between regional levels of MAOs and those of NA, 5-HT, or both but not dopamine. Although it is well known that the 5-HT neuronal cell body region raphe area contains mainly MAO-B, whereas the NA neuronal cell body region locus ceruleus contains mainly MAO-A, 1 studies on the cellular and subcellular localization of MAOs in the human forebrain monoamine terminal fields have been scanty. Animal data indicate that in telencephalon and diencephalon MAO-B appears to be widely expressed by different types of neurons (e.g., histamine, acetylcholine) and nonneuronal cells (e.g., astroglials), whereas MAO-A is localized to all three monoaminergic terminals and also to other neuronal types (see ref. 31 and references therein). The dopamine-rich areas, in particular caudate and putamen, have unmatched 'low' levels of MAOs, which might be related to a recent observation that 5-HT neurotransmission is largely reuptake and metabolism controlled, whereas dopamine levels are regulated mainly by synthesis, reuptake, and repackaging. 32 Aging and developmental changes of monoamine oxidases Confirming numerous previous studies of MAO activities 21, 30 and radioligand binding, 30 adult aging is associated with a marked increase in protein levels of MAO-B but not MAO-A (see ref. 1 for a review). Correspondingly, the ratio of MAO-B/MAO-A also increases linearly with aging. In the examined frontal cortex, the rate of increase for MAO-B during adulthood and senescence is 18% per decade from 18 years old, which is higher than that obtained with [ 11 C]deprenyl-D2 PET (6%/decade) 33 However, the relative abundance and age-related growth rate of the two MAO isoforms in neonatal brain development were quite different from those of adults. Thus, MAO-A was already high in brain at birth, with MAO-B barely detectable; however, expression of MAO-B increased much faster after birth and overtook MAO-A at B6 months of age. This early phase of MAO-B growth was 66-fold faster than during adulthood. For MAO-A, an early increase was followed by a quick adjustment back to adult levels at approximately 1 year old, which was consistent with a previous report of postnatal MAO-A activity decreases in human frontal cortex. 34 Our observations of neonatal changes of proteins levels of MAO-A and MAO-B are also in line with those reported for MAO activities in rodent postnatal development (see ref. 1 for references), suggesting conserved but distinctive role of the two subtypes in brain development, e.g., recent data showing a role of MAO-A but not MAO-B in modulating developmental apoptosis, 35 even though the relative abundance of MAO-B vs. MAO-A in rodent brains can be opposite to that in the human. 29 Monoamine oxidase regional brain distribution and implication for positron emission tomography imaging Comparing regional concentrations of MAO proteins with the postmortem literature data of MAO activity and binding density, the correlations were generally 'proportional' (i.e., if MAO activity in region X was twice that in region Y, protein levels are also twice as high; Figure 5 ) even though the absolute values of MAO activity and B max can be variable from lab to lab, and none of the previous studies examined all of the different gray and white matter regions reported here. This suggests that for both isoforms of MAO, enzyme activity, ligand binding and the protein amount are directly related to each other at least in vitro.
With the exception of 11 C]befloxatone, the poor correlation was primarily driven by similarly low BP (k 3 /k 4 ) values in thalamus, caudate, putamen, and cerebellar cortex despite marked difference in MAO-A protein levels among the brain regions. Although [ 11 C]befloxatone is a highly specific reversible MAO-A inhibitor in vitro, its in vivo kinetics at a PET tracer dose in humans might not be optimal, or it may be that the parameter selected (k 3 /k 4 with constraints on K 1 /k 2 ) was not optimally identifiable.
6 Some (minor) discrepancies might be attributable to limitations of autopsied brain studies. For example, whereas thalamus had the highest PET binding of MAO-A with either [
11 C]harmine or [ 11 C]clorgyline, the average concentration of MAO-A protein in postmortem brain, including all thalamic subregions examined, was no different from that of hippocampus or anterior cingulate cortex. In principal, this could be related to subregionally heterogeneous distribution of MAOs, in particular in thalamus and hippocampus (Figure 4) , and limited tissue sampling in our immunoblotting study. The thalamic subregions are not equal in volume, with the pulvinar nucleus dominant and having the highest levels of MAOs; thus, simple mathematical average of MAO protein levels in the subregions would have underestimated the overall concentration.
However, as can be seen from Figure 6 , perhaps a more subtle 'discrepancy' between results of our in vitro measurement of MAO proteins and the in vivo PET outcome measures of the 'good' radiotracers is in the lack of quantitative proportionality, in particular for MAO-A. Thus, considering only the major gray matter regions (i.e., excluding the small areas with very high levels of MAOs, e.g., hypothalamus, uncus, and subgenual gyrus A25, which are delineated with difficulty by PET), the difference between, for example, cerebellar cortex, the area with the lowest amount of both MAO proteins, and areas with high levels of MAOs (thalamus for MAO-A and caudate nucleus for MAO-B) were B4-fold for both MAOs in vitro but 2-to 2.5-fold in vivo. Further, [ 11 C]deprenyl-D2 binding for the cerebellar cortex was not significantly different from those of many cerebral neocortical areas 7, 8, 11, 12, 26 despite more than 2-fold differences in levels of MAO-B protein ( Figure 6 ). Part of this discrepancy could be related to larger partial volume effects in cerebral cortices than in cerebellar cortex. In this respect, it is interesting to note that whereas MAO-A is evenly distributed across layers of cerebral cortex, MAO-B is particularly enriched in the superficial layer, 29 which might make PET imaging of cerebral cortical MAO-B more susceptible to partial volume effects. In addition, noise sensitivity of the radiotracer and modeling outcome measures, in particular in brain regions of low signalto-noise ratio, e.g., cerebellar and cerebral cortices for MAO-B, may also contribute to the difference between PET and postmortem measures. It could be argued that this lack of proportionality between in vitro and in vivo measures of enzyme concentrations is related to differences in the assumptions made between these techniques. However, there is evidence from the studies of other PET radiotracers that in vivo and in vitro parameter of binding density can be proportionally (well) correlated, e.g., for [ 11 C]DASB/ serotonin transporter (Figure 6) 16 and this proportionality was suggested to be 'required' for validity of a radiotracer in previous studies. 15 That the flattened contrast effect was similar for all three 'good' MAO radiotracers of different mechanisms of binding (reversible vs. irreversible) does suggest that the explanation might not be trivial.
A possible explanation is that there are differences in nonspecific binding profiles of the MAO tracer among different brain regions, especially as the outcome measure of binding for the irreversible tracers 2 This suggests that nonspecific binding might not account for the whole in vitro vs. in vivo differences. MAO protein levels determined in autopsied brain in vitro might not correspond to that available for binding of the radioligand in vivo. A number of uncertain factors could contribute, including differential cellular/subcellular localization (e.g., neurons vs. glia, axon terminal vs. cell body), posttranslational modification status of the enzyme, e.g., phosphorylation and dimerization, 38 and influence by endogenous MAO inhibitors. 39 Positron emission tomography outcome measures obtained at a single tracer dose are determined not only by density (B max ) but also by affinity (K d ), which can be influenced by the abovementioned in vivo variables. In this respect, [ 11 C]harmine binding to MAO-A does not appear to be influenced by endogenous substrates as increase or decrease in the availability of substrates caused opposite changes in V T to that expected from a competition model. 40 In conclusion, we report for the first time detailed regional distribution of protein levels of both MAO subtypes in the human brain. The presence of good correlations between in vivo PET ([ 11 C]harmine, [ 11 C]clorgyline, and [ 11 C]deprenyl-D2) outcome measures of MAO density/activity with in vitro measurement of MAO protein levels support the validity of the major current MAO-targeting radiotracers for PET; however, the poor correlation between [ 11 C]befloxatone PET binding and MAO-A protein regional distribution suggests caution in interpretation of data obtained with this radiotracer. The lack of proportionality between our in vitro regional data and in vivo PET outcome measures of MAO levels also suggests further studies to explain this finding and understand its implication for clinical MAO PET imaging.
